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Articular cartilage defects are common after joint injuries.When
left untreated, the biomechanical protective function of cartilage is
gradually lost, making the joint more susceptible to further
damage, causing progressive loss of joint function1 and eventually
osteoarthritis (OA). In the process of translating promising tissue-
engineering cartilage repair approaches from bench to bedside,
pre-clinical animal models including mice, rabbits, goats, and
horses, are widely used2. The equine species is becoming an
increasingly popular model for the in vivo evaluation of regenera-
tive orthopaedic approaches3. As there is also an increasing body of
evidence suggesting that successful lasting tissue reconstruction
requires an implant that mimics natural tissue organization, it is
imperative that depth-dependent characteristics of equine osteo-
chondral tissue are known, to assess to what extent they resemble
those in humans. Therefore, osteochondral cores (4e8 mm) were
obtained from the medial and lateral femoral condyles of equine
and human donors. Cores were processed for histology and foro: J. Malda, Department of
trecht, Heidelberglaan 100,
78; Fax: 31-30-251-0638.
s Research Society International. Pbiochemical quantiﬁcation of DNA, glycosaminoglycan (GAG) and
collagen content. Equine and human osteochondral tissues possess
similar geometrical (thickness) and organizational (GAG, collagen
and DNA distribution with depth) features. These comparable
trends further underscore the validity of the equine model for the
evaluation of regenerative approaches for articular cartilage.Brief report
Osteochondral cores (4e8 mm) were taken from the central
sites of both medial and lateral femoral condyles of cadaveric
horses (n ¼ 15 for cartilage thickness, n ¼ 14 for biochemical
analysis, mean age: 10.5 years) and humans (n ¼ 7 for biochemical
analysis, n ¼ 23 for cartilage thickness, mean age: 74.4 years).
Donor horses had been euthanized for reasons unrelated to their
femorotibial joints. Human material was obtained from human
cadavers. After harvest, osteochondral cores were either ﬁxed in
10% formalin (for histology) or frozen at 20C for biochemical
analyses.
Osteochondral samples for histology were decalciﬁed using
Luthra solution (3.2% 11 M HCl, 10% formic acid in distilled water).
After decalciﬁcation, samples were dehydrated, cleared in xylene
and embedded in parafﬁn. Subsequently, the samples were
sectioned (5 mm) and stained with haematoxylin and eosin for cellsublished by Elsevier Ltd. All rights reserved.
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distribution. The sections were examined using a light microscope
(Olympus, BX51, USA) and scored according to the histological and
histochemical grading system (HHGS) as described by Mankin
et al.4
The cartilage of the frozen osteochondral plugs was sectioned in
the tangential plane, i.e. parallel to the joint surface, to yield 50 mm
slices using a cryotome (Cryocut 1800, Leica, Germany). Four
consecutive sections were stored together as 200 mm aliquots
(approximately 15 mg tissue) at 20C until further use. After
thawing, samples were digested overnight in 20 ml papain solution
(0.01 M cysteine, 250 mg/ml papain, 0.2 M NaH2PO4 and 0.01 M
EDTA) per mg cartilage tissue at 60C. The cartilage digests were
used for GAG, DNA and collagen analysis. GAG content was deter-
mined spectrophotometrically after reaction with dimethyl-
methylene blue (DMMB, SigmaeAldrich, USA) as previously
described5. DNA content was determined using the Picogreen DNA
assay (Invitrogen, P7589) in accordance with the manufacturer’s
instructions. Collagen content and cross-links were analysed
by HPLC-MS/MS using multiple reaction monitoring (MRM).
Cartilage samples were hydrolysed (110C, 18e20 h) in 6 M HCl.Fig. 1. Safranin-O staining of equine (A) and human (B) articular cartilage from the central s
cartilage from the central sites of the femoral condyles (C). A signiﬁcant difference was obse
indicate 95% conﬁdence intervals.Homo-arginine was added to the hydrolysed samples as an internal
standard, after which theywere vacuum-dried and dissolved in 30%
methanol containing 0.2% Heptaﬂuorobutyric acid (HFBA). The
supernatants were subjected to HPLC-MS/MS analysis, using an
API3000 mass-spectrometer (Applied Biosystems/MDS Sciex,
Foster City, CA) at a source temperature of 300C and a spray
voltage of 4.5 kV. Amino acids were separated on a Synergi MAX-RP
80A (250  3 mm, 4 mm) column (Phenomenex Inc., Torrance, CA)
at a ﬂow rate of 400 ml/min, using a gradient from MilliQwater
(Millipore, Billerica, MA) containing 0.2% HFBA to methanol. Amino
acids and collagen were analysed in MRM mode using the mass
transitions 189.2/143.7 for homo-arginine, 131.8/67.8 for hydrox-
yproline (Hyp). Data were analysed by reference to the corre-
sponding calibration curves and corrected for the recovery of
internal standard. Collagen content was calculated as follows: mg
collagen (pmol Hyp/300)  0.3 (300 is the number of Hyp residues
in one collagen triple helix, 0.3 is the molecular weight of collagen,
300,000 Da).
To measure cartilage thickness, digital images of haematoxylin
and eosin-stained sections were analysed using cell^F software
(Olympus, USA). Average thickness of the articular cartilage of eachites of the femoral condyles. Average thickness of equine (n ¼ 15) and human (n ¼ 23)
rved between the lateral and medial condyle of equine samples (P ¼ 0.003). Error bars
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image at different locations.
Statistical comparisons of Mankin scores and cartilage thickness
were conducted using a paired two-tailed Student’s t test. For
comparison of the GAG, DNA, and, collagen content at each of the
different depths a repeated measurement analysis (one-way
ANOVA) was performed, followed by a Bonferroni post-hoc test.
Signiﬁcance level was set at a P-value smaller than 0.05. All data are
represented as mean  standard deviation.
Cartilage from both the lateral and medial femoral equine
condyles was macroscopically healthy, as conﬁrmed by relatively
low average Mankin scores [0.9  0.9, Fig. 1(A)]. Mankin scores for
human osteochondral tissues were higher [3.7  1.8, Fig. 1(B)],
illustrated by early signs of OAwith increasing age in these samples,
such as decreased staining for proteoglycans [Fig. 1(A and B)] and
hypercellularity.
Equine cartilage thickness ranged from 0.96 to 3.13 mm,
closely resembling cartilage thickness observed in the human
samples (0.65e3.52 mm). The equine cartilage at the centre of
the medial femoral condyle was signiﬁcantly thicker than on the
lateral side (2.19  0.80 mm vs 1.35  0.31 mm, P ¼ 0.003)
[Fig. 1(C)]. Cartilage thickness on the human femoral condyles
did not show a statistically signiﬁcant difference between the
medial and the lateral side (2.01  0.75 mm vs 1.96  0.45 mm,
P ¼ 0.95).Fig. 2. Depth-dependent biochemical composition of equine cartilage (n ¼ 14) in terms of GA
DNA (D) and hydroxyproline (F). Statistically signiﬁcant differences are indicated by *. ErroThe GAG content signiﬁcantly increased over the ﬁrst 600 mm
from the surface in both the lateral and medial equine samples
[lateral P ¼ 0.001 and medial P ¼ 0.0002, Fig. 2(A)], beyond this
depth, GAG levels stayed constant until the boneecartilage inter-
face. The same trend was observed for human cartilage tissue from
both the lateral and medial condyles with only a signiﬁcant
difference between 400 mm and 600 mm on the lateral condyle
(P ¼ 0.041) [Fig. 2(B)].
DNA content in samples derived from both the medial and the
lateral equine femoral condyles decreased with depth up to
approximately 1000 mm, whereafter a relatively constant level was
reached [Fig. 2(C)]. Both lateral andmedial equine condyles showed
signiﬁcant differences between subsequent 200 mm sections
(lateral respectively, P ¼ 0.002, P ¼ 0.0004, P < 0.0001, P < 0.0001
and medial respectively, P ¼ 0.002, P < 0.0001, P < 0.0001,
P < 0.0001). When comparing the lateral and medial equine
condyles, no signiﬁcant differences in DNA content were observed
in the ﬁrst 200 mm sections. However, the deeper layers had
a signiﬁcantly lower DNA content in the medial equine condyle
(P ¼ 0.002). A similar decreasing trend in DNA content was
observed in human cartilage, although no signiﬁcant differences
were found between the subsequent 200 mm sections [Fig. 2(D)].
No signiﬁcant differences in hydroxyproline, as a measure of
collagen content, were observed with depth or location (lateral and
medial) in equine and human articular cartilage [Fig. 2(E and F)].G (A), DNA (C), and hydroxyproline (E) and human cartilage (n ¼ 7) in terms of GAG (B),
r bars indicate 95% conﬁdence intervals.
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tions is inevitable when aiming at the implementation of new
regenerative techniques. Over the past few years, the equine model
has gained popularity for this purpose2,3, but more insight is
required in the histological and biochemical characteristics of
equine cartilage and how these relate to the human situation to
better appreciate the value of this model.
Cartilage thickness allows for the accommodation of the stresses
and strains that are exerted on the cartilage matrix6 during daily
movement and is thus an important factor when choosing a suit-
able animal model. Cartilage thickness of the equine and human
knee joints was found to be within the same range and in line with
earlier reports7,8. This is of relevance when studying the healing
capacity of the tissue after creating a full-thickness critical size
defect. It is known that in smaller animal species, such as rabbits,
average osteochondral defects are smaller due to the thinner
cartilage in these animals7. Thinner cartilage often leads to cartilage
defects that protrude into the subchondral bone or growth plate,
thereby stimulating spontaneous repair. Results obtained from
small animal studies are therefore more difﬁcult to extrapolate to
the human situation.
The signiﬁcant difference in cartilage thickness between the
lateral and medial condyle in equine tissue might be attributed to
the larger loading that the medial condyle experiences. Indeed, it
has been suggested that cartilage thickness is area-speciﬁc and
proportional to local loading7. Joint congruency plays a role too
with thinner cartilage in a more congruent joint, as the stresses can
more easily be distributed over a larger surface area8. A higher
degree of congruence of the lateral equine condyle may explain the
difference with the human knee joints, where we did not observe
a signiﬁcant difference in cartilage thickness between the lateral
and medial condyle (n ¼ 23), which is in line with earlier reports8.
This may be a gradual difference, however, as Hall and Wyshak9
investigated cartilage thickness on arthrograms (n ¼ 370) of
young (average age 34.7 years) patients and found a small but
signiﬁcant difference, suggesting that differences in thickness
between the medial and lateral femoral condyle are not non-
existent in humans, but less evident than in horses.
GAGs are important extracellular matrix components in artic-
ular cartilage; they attract water molecules and thereby aid in
shock absorbance10. This is the ﬁrst time that depth-dependent
GAG concentrations were biochemically quantiﬁed in the equine
femorotibial joint. Previous research has only focused on the met-
acarpophalangeal joint and showed depth-dependent distribu-
tions, similar to our ﬁndings11.
Collagen is another key building block of articular cartilage,
providing structural integrity and tensile strength10. Throughout
the different layers of articular cartilage, the orientation of the
collagen ﬁbrils changes, from parallel in the superﬁcial zone to
perpendicular in the deep zone12. This contributes to the different
mechanical properties of each of the three zones. In the present
study, no distinct signiﬁcant differences were found in collagen
content throughout the different cartilage layers in either equine or
human samples. This suggests that although the alignment of the
ﬁbres changes throughout the tissue, the collagen content remains
stable.
DNA content showed a clear depth-dependent distribution in
both equine and human tissue with declining cell numbers with
increasing distance to the surface, in line with previous reports13.
No substantial differences were observed in DNA content between
equine and human tissue, which is noteworthy, as cellularity of the
cartilage tissue is known to be higher in smaller animals14. The
increased cell number may relate to the more naturally occurring
spontaneous cartilage repair in smaller animals, which again brings
about extrapolation issues towards the human situation.The comparable trends in GAG, collagen and DNA distribu-
tions throughout the different layers in both human and equine
articular cartilage underscore the translational value of the
equine model. However, there are additional advantages to
using this model. First, naturally occurring cartilage defects due
to osteochondrosis or trauma are not uncommon in equine
veterinary medicine. Hence, performing pre-clinical testing of
regenerative cartilage repair applications in the horse may be of
direct clinical beneﬁt to the species itself. Furthermore, the size
of the equine femorotibial joint allows for second-look
arthroscopies to evaluate the ongoing repair process in vivo
and allows for monitoring by means of biomarker analysis of
serially sampled synovial ﬂuid15. Moreover, long-term follow-up
studies are impossible in small rodents, but pivotal in evaluating
functional performance of cartilage regenerative techniques.
Lastly, the high degree of mechanical loading in the equine knee
joint is advantageous for pre-clinical evaluation of new thera-
pies, as novel cartilage regenerative applications that are
successful in horses are much more likely to survive the less
biomechanically challenging environment of the human knee
joint.
In conclusion, these ﬁndings add to the knowledge base on
comparative equine and human osteochondral biology and may
provide valuable information for researchers who consider using
the equine model for pre-clinical animal testing of new cartilage
tissue engineering applications.
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